ABSTRACT-Modern excitation systems include devices for controlling or Limiting machine terminal voltage (overvoltage biters), Volts P r hertz ratio w/Hz biters), U K O & U~~ machine field current (overexcitation limiters), and the reactive load absorbed by the machine (underexcitation Limiters). Functional testing of these limiters before they are placed into testing of excitation limiters commercial service is recommended.
I. INTRODUCTION
Limiters are important features in modem excitation systems. Ensuring the functionality of these limiters is also important.
Limiter characteristics vary from one manufacturer to another; however, the theory of operation is similar.
Limiters must be coordinated with a machine's capability, as well as with corresponding protective relays, in case of limiter failure. Limiter and relay coordination is critical.
Relays must be adjusted to protect 
OVERVOLTAGE LIMITERS
An overvoltage limiter is used to limit machine terminal voltage to a safe value. Some manufacturers use this limiter only when operating in the manual regulating mode (field current or voltage controller), and others use the limiter in both the automatic (machine terminal voltage controller) and manual regulator modes. In practice, the l i t e r is adjusted to pick up at 110 to 113 percent of rated machine terminal voltage. The corresponding overvoltage relay usually has an instantaneous setting of 130 percent of rated terminal voltage and a time delay setting (inverse time characteristic) that operates at a voltage as low as 115 percent of rated.
Overvoltage limiters come in several forms. The most common is a forcing type limiter, which directly phases back the firing circuits. This action reduces the terminal voltage until it is below the limiter setpoint. Then the regulator is placed back in control of the firing circuits. If the regulator attempts to increase the machine voltage, the limiter will cycle on and off to control voltage.
Functional testing of the overvoltage limiter is performed by increasing the steady-state machine terminal voltage to 109 percent of rated and inserting a step into the automatic voltage regulator that will increase the voltage above the limiter pickup point. Terminal voltage limiting should occur as shown in Fig. 1 . This test was performed on a unit with a rotating main exciter with the regulator in manual mode (generator field voltage regulator), 
Thus, if frequency drops while the automatic voltage regulator is maintaining constant terminal voltage, an increase in the flux level in the machine and any connected transformers will occur. An excessive increase in the flux level in generators and transformers will result in hysteresis and eddy current losses and core overheating.
V/Hz limiters are used in modem excitation systems because of the possibility of under-frequency operation during automated start-up and shutdown or in case of islanded operation. Typical automated control schemes use a speed switch to enable and disable the machine excitation. The speed switch normally enables excitation at 95 percent of nominal speed. At this time the machine terminal voltage will reach 100 percent of rated or more before the machine reaches 100-percent speed. The V/Hz limiter may be active during this period depending on the amount of terminal voltage overshoot and the governor response.
Also, on shutdown, the speed switch is again used to disable the machine excitation. Normally, the speed switch drop-out point is set to 90 percent of rated speed: however, because of hysteresis in the speed switch, thc drop-out point is usually around 85 percent of nominal speed. During this time, the V/Hz limiter is active to reduce the machine terminal voltage as speed is decreasing. In addition, if the generator can become islanded, a V/Hz limiter should also be employed. This limiter will prevent damage to all of the connected transformers and loads in the island.
Coordination of the V/Hz limiter with the V/Hz relay is performed on a per unit basis. Typically, the limiter is set to pick up at a ratio of 1.1 p.u. (110 percent of the nominal V/Hz ratio) and the relay is set to pick up at a ratio of 1.15 p.u with a 5-to 15-second time delay. A limiter setting of 1.1 p.u. allows the machine terminal voltage to increase to 110 percent of rated for system voltage support without limiter action while limiting the increase in flux to a safe value during under-frequency operation.
Two types of V/Hz limiters are prevalent in modem excitation systems. One is a ratio type limiter that will maintain the V/Hz ratio to the setpoint for all values of frequency. The other type reduces the voltage from the setpoint (1.1 pu) by the same amount as the per unit frequency deviation. This subtraction, or non-ratio, type limiter will not maintain a constant V/Hz ratio.
The VlHz limiter test can be performed easily with the machine off-line. Functional verification of the V/Hz limiter is accomplished by increasing the terminal voltage of the synchronous machine to 110 percent of rated and decreasing speed in 1 hertz increments to 90 percent speed. The VlHz ratio is calculated by dividing the PT voltage by the frequency at the different increments. The per unit V/Hz ratio is calculated by multiplying the V/Hz ratio by the base frequency (rated frequency) and dividing by the base PT voltage (rated PT secondary voltage). Also, limiter stability is verified at this time. If oscillations in field current or voltage are observed, the limiter stability is questionable. This instability could be a design problem or the limiter gain could be set too high. Typical results of VlHz limiter tests are shown in table I for both types of limiters. 
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IV, UNDEREXCITATION LIMITERS
An underexcitation limiter (UEL) is used to limit the level of vars flowing into the machine. The limiter operates in conjunction with the automatic voltage regulator to prevent excessive underexcitation of the synchronous machine. The limit value is adjusted to prevent the machine from pulling out of synchronism (pole slipping) or overloading the stator circuit by an excessive increase in underexcited vars. Pole slipping occurs when the machine stability limit is exceeded and will cause excessive mechanical and electrical stresses. Overloading will (without exceeding the machine stability limit) cause stator overheating that can lead to a reduced life expectancy.
Several different types of underexcitation limiters are available. Some manufacturers use a curve similar to the capability curve of the machine, and others use a straight line or a two-line UEL as shown in Fig. 2 . Testing these limiters will vary slightly; however, the theory is similar. The curved and two-line limiters are commonly used in modem excitation systems and will be described. Coordination of the UEL with the loss of field relay is performed by adjusting tlie UEL to a level within the machine capability, and the loss of field relay between the machine capability and the stability limit as shown in Fig. 2 . Typically, the UEL limits the vars flowing into the machine, at no-load, between 60 and 90 percent of the full MVA capability of the machine. This point depends on the particular installation. Line charging capability of the generator is usually the biggest-factor in setting the no-load underexcited MVAR limit. The remainder of the limiter characteristic should lie within the machine capability.
For the curved UEL, the radius and center must be set to produce the desired characteristic. For the two-line UEL, the limit point, breakpoint, and slope must be determined. These settings can be calculated from the manufacturer's instructions or by using the circuit diagrams. Once all the calculations have been verified, a functional test is performed.
Functional testing is performed with the unit initially unloaded. The unit is underexcited to the desired limit point and the limiter is readjusted if necessary. Then, the machine real power is increased in 10-to 20-percent increments until full load is achieved. MW and MVAR readings are taken at several points and the limiter curves are drawn on the machine capability curve. When testing a two-line UEL, the unit is loaded to several points near the breakpoint. Then, the breakpoint is adjusted if needed. The slope portion is verified by increasing the MW level to full load.
Many UELs produce a family of limiting curves that are voltage dependent as shown in Fig. 3 . This family of curves mimics the machine capability, which is also voltage dependent. A synchronous machine will have greater underexcited capability when the terminal voltage is higher because less stator current will flow at the same MVAR level. Underexcitation limiter instability has been encountered during testing as shown in Fig. 4 . This instability is attributed to inappropriate limiter settings or improper design. In these cases, the limiter settings must be readjusted or the limiter modified to achieve stable performance. For the case shown, stability was achieved by modifying the low pass filter in the forward path. However, care must be exercised when modifying any limiter, as changing the time constant will slightly affect the dynamic performance ancl may require additional coordination with protective devices. 
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V. OVEREXCITATION LIMITERS
An overexcitation limiter (OEL) is used to limit the machine field current. This limiter will prevent overexcitation above a level which would cause thermal overloading in the machine field [7] . Because the field of a generator can withstand overexcitation for short periods of time [8] , the OEL will usually have two limit levels. First, the OEL provides a fixed instantaneous limiter that prevents overexcitation beyond a setpoint. Second, the OEL provides an inverse-or fixed-time characteristic, after which the excitation is reduced to near rated field current. Typical limiter settings are shown in Fig, 5 . Coordination between the limiter and field overvoltage or overcurrent relays is performed by adjusting the OEL instantaneous limit between 150 and 200 percent of rated field current. The relay is usually set at 10 percent above the instantaneous limiter setpoint if it is provided with an instantaneous trip. The inverse portion of the limiter is coordinated with either a fixed time or inverse time protective relay. Coordination with a fixed time protective relay is shown in Fig. 5 .
Normally, the instantaneous and inverse time limiters are tested at a reduced level if possible and then returned to their proper settings once testing is completed. The instantaneous limiter test is performed by placing a step of proper size into the automatic voltage regulator and observing the excitation level limiting point (field current limiting). The step size should attempt to overexcite the machine beyond the instantaneous limiter setpoint. Limiter response should be rapid and without oscillations.
The inverse time limiter test is accomplished by setting the timed limiter setpoint slightly above the chosen field current test level and the instantaneous limiter to 115 percent of thls level. Then, a step is inserted into the automatic regulator that causes the instantaneous limiter to hold field current ac its setpoint. The excitation is held at this level until the inverse time limiter times out and reduces the excitation to the chosen test level. This test is then repeated with the instantaneous limiter set at higher levels (125, 140, 160 percent of the chosen test level, etc.). Overexcitation to these higher levels will cause the inverse limiter to reduce machine excitation sooner as shown in Fig. 6 Limit cycling is a problem which can be encountered in some types of overexcitation limiters if the OEL pickup is the same as the inverse time limit point. Limit cycling usually appears as rapid switching between the instantaneous limit and the timed limit as shown in Fig. 7 . The net result of this cycling is correctly limited field current; however, the problem can be avoided if the inverse time limit pickup point is set slightly below the inverse time limit point. 
VI. CONCLUSIONS
Verification of excitation system limiter pexformance and proper coordination with protective relays will lead to a more reliable power system. Synchronous machines will be able to respond to system disturbances without exceeding their capability and without tripping on protective functions. Keeping machines on-line through limiter action during these disturbances may keep the system intact. If machines are allowed to trip, through incorrect limiter settings or coordination with the protective devices, additional system disturbances may occur, which can cascade to a localized blackout.
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